BACKGROUND: For patients with type 2 diabetes and chronic kidney disease (CKD), high-quality evidence about the relative benefits and harms of oral glucoselowering drugs is limited. OBJECTIVE: To evaluate whether mortality risk differs after the initiation of monotherapy with either metformin or a sulfonylurea in Veterans with type 2 diabetes and CKD. DESIGN: Observational, national cohort study in the Veterans Health Administration (VHA). PARTICIPANTS: Veterans who received care from the VHA for at least 1 year prior to initiating monotherapy treatment for type 2 diabetes with either metformin or a sulfonylurea between 2004 and 2009. MAIN MEASURES: Metformin and sulfonylurea use was assessed from VHA electronic pharmacy records. The CKD-EPI equation was used to estimate glomerular filtration rate (eGFR). The outcome of death from January 1, 2004, through December 31, 2009, was assessed from VHA Vital Status files. KEY RESULTS: Among 175,296 new users of metformin or a sulfonylurea monotherapy, 5121 deaths were observed. In primary analyses adjusted for all measured potential confounding factors, metformin monotherapy was associated with a lower mortality hazard ratio (HR) compared with sulfonylurea monotherapy across all ranges of eGFR evaluated (HR ranging from 0.59 to 0.80). A secondary analysis of mortality risk differences favored metformin across all eGFR ranges; the greatest risk difference was observed in the eGFR category 30-44 mL/min/1.73m 2 (12.1 fewer deaths/1000 personyears, 95% CI 5.2-19.0). CONCLUSIONS: Initiation of metformin versus a sulfonylurea among individuals with type 2 diabetes and CKD was associated with a substantial reduction in mortality, in terms of both relative and absolute risk reduction. The largest absolute risk reduction was observed among individuals with moderately-severely reduced eGFR (30-44 mL/min/1.73m
INTRODUCTION
Metformin, along with diet and exercise, is the first-line glucose-lowering treatment for patients with type 2 diabetes. 1 At the time of its approval by the Food and Drug Administration (FDA) in 1995, metformin carried a contraindication based on serum creatinine levels due to fears about lactic acidosis caused by an older biguanide drug, phenformin. 2 This contraindication led to avoidance of metformin use in many patients with renal insufficiency. 3 In April 2016, the FDA changed the measure of kidney function used to determine whether patients could receive metformin, from a serum creatinine-based approach to one based on the estimated glomerular filtration rate (eGFR), which provides a more accurate assessment of renal function (Appendix Figure 3) . 4 The FDA concluded that metformin could be used safely in patients with mild impairment in kidney function and in some patients with moderate impairment.
Given this expanded eligibility for metformin therapy, and given the increasing burden of chronic kidney disease (CKD) in patients with diabetes, 5 evidence is needed regarding the relative benefits and harms of metformin therapy in this population. While no randomized controlled trials have addressed this question, observational studies have examined metformin use and health outcomes in CKD populations. [6] [7] [8] [9] [10] [11] A recent systematic review identified major limitations in the design of these prior studies, including a lack of a well-defined comparator group to metformin, an assessment of medication use at baseline rather than during follow-up, and the inclusion of prevalent users rather than new users of diabetes therapies. 12 In an observational cohort of Veterans with type 2 diabetes and CKD who received regular healthcare from the Veterans Health Administration (VHA), we evaluated whether mortality risk differed after the initiation of monotherapy with either metformin or a sulfonylurea, the second most commonly prescribed class of oral glucose-lowering drugs after metformin. 13 We sought to address some of the key limitations of prior studies. This analysis was conducted using data from 2003 to 2009, a period of clinical equipoise regarding the choice of metformin or sulfonylureas when initiating treatment for type 2 diabetes. 14 
METHODS

Setting and Data Sources
The VHA uses a uniform national electronic medical record that captures information from all instances of medical care delivered in its facilities and prescriptions filled in its pharmacies. Demographic, comorbidity, laboratory, and medication use data from January 1, 2003, to December 31, 2009, were obtained from the VHA national medical and pharmacy data housed at the Austin Information Technology Center. Race/ ethnicity was determined from administrative data, which was based on self-report. The presence of comorbidities at baseline was identified using International Classification of Diseases, Ninth Revision (ICD-9) codes from outpatient encounters at VHA facilities that occurred within the year before initiation of diabetes therapy (Appendix Table 4 ). In a previous validation study, we found that ICD-9 code-based algorithms had moderate to good accuracy for identifying cardiovascular conditions and cardiovascular risk factors. 15 For laboratory tests, only the most recent values within the year before initiation of diabetes therapy were used. Prescription records included drug name, quantity, number of days dispensed, and fill date. Weight was calculated as the median value of all measures obtained during the year in which the oral hypoglycemic medication was initiated, while height was taken as the median of all values. Body mass index (BMI) was calculated as weight (kg)/height (m) 2 . The VA Puget Sound Health Care System Institutional Review Board reviewed and approved this research.
Study Participants and Eligibility Criteria
This was a new-user, national cohort study of Veterans with type 2 diabetes and CKD who received healthcare from the VHA and initiated monotherapy with either metformin or a sulfonylurea. A previous study reported on the comparative safety of glucose-lowering drugs among persons in this cohort without CKD, using similar methods. 16 Veterans enrolled in the VHA who received at least two consecutive prescriptions for metformin or a sulfonylurea within a period of 180 days, between January 1, 2003 and December 31, 2009, were eligible for this analysis. Follow-up of patients began on the date of the second prescription. This time frame was chosen because, during that period, a state of clinical equipoise existed regarding initiation of treatment for type 2 diabetes with either metformin or sulfonylureas (Appendix Table 5 ). The CKD-EPI Equation was used to estimate GFR, and individuals were classified according to eGFR categories. 17, 18 To capture only new users of metformin or a sulfonylurea, we excluded Veterans who used any glucoselowering drugs (including insulin) before their first prescription for metformin or a sulfonylurea during the time period of interest. We also excluded Veterans who did not have prescriptions for non-diabetes medications obtained from VHA during the year before the first prescription for metformin or a sulfonylurea, because for these individuals we could not distinguish whether they were new users of oral diabetes therapies or prevalent users who had filled previous prescriptions for diabetes medications outside the VHA. To restrict our analysis to a population likely to be receiving care and medications from the VHA, we also excluded persons who did not have an outpatient visit to a VHA facility in the year before the first prescription for metformin or a sulfonylurea. In addition, we excluded patients with missing values for baseline serum creatinine and race, both of which are needed to estimate eGFR. Lastly, those with an eGFR of <30 mL/min/1.73m 2 were excluded due to the small sample size.
Assessment of Medication Use
Individuals were categorized as initiators of metformin or a sulfonylurea at the time of cohort entry based on VHA prescriptions dispensed. The period of exposure for a given prescription started on the date the medication was dispensed and lasted for a period of time equal to 1.25 times the days' supply, plus 90 days. 16 During follow-up, if another prescription for the same medication was not filled by the end of this period, it was assumed that the medication was discontinued at the end of the exposure period. Use of diabetes treatments other than metformin and sulfonylureas was captured to identify a change in treatment to another monotherapy or combination therapy. Individuals were censored at the time they discontinued their baseline diabetes treatment (metformin or sulfonylurea monotherapy) or received a prescription for a diabetes medication other than their baseline treatment.
Outcome Measure
The primary outcome was all-cause mortality. Mortality status was ascertained for the period from January 1, 2004, to December 31, 2009, using VA Vital Status files. These files have been shown to be accurate compared to the National Death Index. 19 
Statistical Analysis
Primary Analysis. Mortality incidence rates and 95% confidence intervals (CIs) were estimated for each treatment group by eGFR category. Unadjusted relative risk for metformin use compared with sulfonylurea use was estimated from these incidence rates. For the primary analysis, we used Cox regression to estimate hazard ratios (HRs) for mortality associated with initiation of metformin versus sulfonylurea monotherapy. The proportional hazards assumption was examined by visually inspecting log-log plots, which were parallel and thus did not violate the assumption. Individuals were censored at the first occurrence of any of the following events: death, discontinuation of initial monotherapy, initiation of any other diabetes medication, or end of study on December 31, 2009. We selected covariates for adjustment a priori to reduce measured confounding by factors that might be associated with both mortality and the initial choice in prescribing metformin or sulfonylurea monotherapy. We adjusted for the following groups of covariates: demographic variables, health behaviors, eGFR category, comorbid conditions, laboratory values, and cardiovascular medication use. The VA is divided into 21 geographic areas, called Veterans Integrated Service Networks (VISN), which we adjusted for. Multiple imputation was conducted for those missing HDL, LDL, or A1c values (missingness: 8%, 12%, and 12%, respectively) with 50 replications of the analytical data set. 20 An interaction term was estimated for each treatment-by-eGFR category compared with the eGFR category ≥90 mL/min/1.73m 2 . Sensitivity analyses were conducted to assess the robustness of the primary analysis. First, complete adherence to initial monotherapy was assumed regardless of failure to refill the medication after cohort entry or the addition of a second glucose-lowering medication; this is similar to an intention-totreat analysis of a clinical trial. 21 Second, a complete-case analysis was conducted by excluding those with missing data on HDL, LDL, or A1c values.
Secondary Analyses. Cox regression was used to estimate HRs for mortality associated with initiation of metformin versus sulfonylurea monotherapy among various subgroups (age < 65 vs. ≥65 years; age < 75 vs. ≥75 years; BMI <30 vs. ≥30; previous cardiovascular disease; and previous congestive heart failure) within each eGFR category, with adjustment for the same variables as in the primary analyses and using multiple imputation to handle missing HDL, LDL, or A1c values. Interaction terms were estimated for each subgroup between treatment and eGFR categories. To evaluate absolute differences in mortality rates associated with metformin versus sulfonylurea monotherapy, we estimated adjusted incidence rates for mortality by treatment group and eGFR category using Poisson regression. We then calculated adjusted risk differences, comparing individuals receiving metformin with those receiving a sulfonylurea, and used a bootstrap analysis of 100 samples to estimate 95% CIs. 22 Unadjusted KaplanMeier curves were generated by eGFR category. All statistical analyses were conducted with Stata (version 15.0; StataCorp LLC, College Station, TX, USA).
RESULTS
Characteristics of the Study Population
Of the 769,126 subjects who received a prescription for an oral glucose-lowering medication from January 1, 2004, to December 31, 2009, 175,296 initiators of metformin or sulfonylurea monotherapy met eligibility criteria for the cohort study (Fig. 1) . Characteristics of participants at the time of cohort entry are shown in Table 1 . Metformin initiators were on average younger, had a higher BMI, and had a lower prevalence of cardiovascular disease than sulfonylurea initiators. In addition, metformin initiators had higher eGFRs and slightly lower A1c values than sulfonylurea initiators.
Glucose-Lowering Medication Use
In 2004, 33,685 individuals initiated metformin (52.4%) or sulfonylurea (47.6%) monotherapy (Appendix Table 5 ). The proportion of metformin initiators increased during each year of the study, reaching 74.9% in 2009. The average duration of initial monotherapy among metformin and sulfonylurea initiators was 1.7 years for both groups (Table 2) . A similar proportion of metformin and sulfonylurea initiators used a second glucose-lowering medication during follow-up (22.6 and 28.8%, respectively).
Primary Analyses
Unadjusted mortality rates were substantially lower for metformin initiators than for sulfonylurea initiators across all categories of eGFR (Appendix Table 6 ). In the primary analysis, adjusted for all measured potential confounding factors, metformin monotherapy initiation was associated with a significantly lower risk of mortality than sulfonylurea monotherapy initiation among the overall study population (HR 0.64, 95% CI 0.60-0.68; Table 3 ). Metformin use was associated with lower mortality in all eGFR categories, and the 95% CIs excluded a HR of 1 for all eGFR categories except 30-44 mL/min/1.73 m 2 . There was strong statistical evidence for an overall interaction between treatment group and eGFR category (p = 0.003), and the lowest mortality risk associated with metformin was observed in the highest eGFR category (≥90 mL/min/ 1.73 m 2 ). Among individuals with eGFR of 45-59 mL/ min/1.73 m 2 , the HR was of diminished magnitude but still significantly associated with lower mortality risk (HR 0.80, 95% CI, 0.71-0.91; interaction p < 0.001). In sensitivity analyses using intention-to-treat and complete-case approaches, the magnitudes of the HRs within each eGFR category were similar to those from the primary analysis, but the statistical evidence for interaction by eGFR category was weaker (Appendix Table 7 ).
Secondary Analyses
The differences between mortality rates for metformin initiators and sulfonylurea initiators were similar in eGFR Table 3 ). In eGFR category 30-44 mL/ min/1.73m 2 , the rate difference was substantially greater (12.1 fewer deaths/1000 person-years; 95% CI, 5.2-19.0).
Within each eGFR category, the HRs for metformin versus sulfonylurea treatment were similar across subgroups defined by age, BMI, presence of prior cardiovascular disease, and prior heart failure ( Figure 2 ; Appendix Table 8 ). There was statistical evidence of an interaction by prior cardiovascular disease (p = 0.01); within eGFR categories ≥90, 60-89, and 45-59 mL/min/1.73m 2 , HRs were higher among persons with prior cardiovascular disease than among those without prior cardiovascular disease. In addition, there was weak statistical evidence of an interaction by age (75 years threshold; p = 0.04); within eGFR categories 60-89, 45-59, and 30-44 mL/min/1.73m 2 , the mortality HRs for the comparison of metformin with sulfonylurea treatment were higher among persons aged ≥75 years than among those <75 years. Unadjusted Kaplan-Meier curves overall and by eGFR category showed results consistent with the primary analyses (Appendix Figures 4 and 5) .
DISCUSSION
In this large national cohort of Veterans with type 2 diabetes and CKD who initiated glucose-lowering therapy, metformin monotherapy was associated with substantially lower mortality than monotherapy with a sulfonylurea. The absolute difference in mortality rates appeared greatest among patients with the most severe CKD (eGFR 30-44 mL/min/1.73m 2 ), who also suffered the highest overall burden of mortality. The primary results were robust to sensitivity analyses that *Comorbid conditions identified from the presence of ICD-9 diagnosis codes in medical encounters during the year prior to initiation of diabetes treatment (Appendix Table 4 for ICD-9 codes) † HDL cholesterol, LDL cholesterol, and hemoglobin A1c missing in 8%, 12%, and 12%, respectively Table 1 . of death (HR 0.64, 95% CI 0.48-0.86). 10 These studies had important methodological limitations: both lacked a welldefined comparator treatment group, and the study by Roussel evaluated prevalent rather than new users of metformin. In contrast, our study employed a new-user design and compared metformin initiators with sulfonylurea initiators in a large unselected population with type 2 diabetes and CKD, and we found that the use of metformin versus a sulfonylurea was associated with mortality benefits among all strata of eGFR evaluated, including persons with eGFR of 30-44 mL/min/1.73m 2 .
In the absence of clinical trial data evaluating the safety and effectiveness of metformin specifically in CKD, regulatory bodies, professional societies, and clinicians must rely on well-conducted observational studies and meta-analyses. 2 Our study provides evidence in support of the initiation of metformin treatment for type 2 diabetes among persons with an eGFR of 45 mL/min/1.73m 2 or greater, consistent with recent recommendations from the FDA and other experts. 2, 4 Moreover, our study provides new evidence that initiating metformin treatment may be beneficial among persons with an eGFR of 30-44 mL/min/1.73m 2 , a group in whom initiation of metformin therapy is not currently recommended. 4 If our findings are replicated in independent populations, the recommendation to restrict metformin treatment among persons with moderately-severely reduced eGFR may require reexamination.
Several biological mechanisms have been proposed by which metformin might reduce mortality: decreasing insulin and IGF-1 signaling, mTOR inhibition, reducing levels of reactive oxygen species, lowering inflammation, reducing DNA damage, and activating AMP-activated protein kinase (AMPK). 23 Metformin has been described as a caloric restriction mimetic based partly on its effect on AMPK, and this drug is now being studied to examine its potential anti-aging effects. A systematic review reported that patients with diabetes taking metformin had significantly lower mortality and a lower risk of cardiovascular disease than patients taking nonmetformin therapies. 23 If one of the pathways through which metformin reduces mortality is in decreasing the incidence or progression of atherosclerotic cardiovascular disease, then a reduced effect among persons with pre-existing cardiovascular disease would be expected. Our findings from subgroup analyses are consistent with this reasoning.
Our study has important strengths. First, this is the largest study of the use of metformin versus sulfonylureas in patients with type 2 diabetes and CKD. With 175,296 Veterans in the overall sample, we were able to achieve a sample size sufficient to evaluate metformin effects within narrow categories of eGFR. Second, the new-user design minimizes the confounding and selection biases that arise from evaluating prevalent users, which represent a heterogeneous cross-section of patients with varying severity and duration of diabetes, and may be depleted of persons who experienced early adverse effects or treatment failures. 24 Third, we used rich VHA electronic health data to assess and adjust for important potential confounding factors. Fourth, in contrast to prior studies, we used a clinically meaningful direct comparison of metformin to a single glucose-lowering drug category (i.e., sulfonylureas), which reflects a well-defined clinical decision. Finally, glucose-lowering therapy use was assessed over time so that we were able to censor persons who became non-adherent to their initial treatment group. Our study also has limitations. First, we did not have dosage information to assess a potential dose-response association. Second, since the period when this study was conducted, several new classes of glucose-lowering drugs have been approved, 25 and large post-marketing randomized controlled trials suggest that some of these newer therapies may prevent cardiovascular complications. 26 However, to evaluate the relative mortality risks associated with metformin versus a similarly used treatment, it was necessary to conduct these analyses during a time when there was greater clinical equipoise about the initial selection of glucose-lowering treatment for type 2 diabetes, before the widespread adoption of the recommendation to start treatment for type 2 diabetes with metformin. This analysis would not have yielded credible results if more recent data had been used. Third, although we adjusted for multiple covariates associated with mortality and metformin use, we cannot exclude the possibility of residual confounding by indication, given the observational design of this research. Fourth, while we controlled for VISN as a measure of potential regional variation within the VA, we were not able to control for provider characteristics associated with prescribing metformin versus sulfonylureas. Fifth, we were unable to determine the specific causes of CKD. Type 2 diabetes is the leading cause of CKD in the US. 27 However, our study assessed eGFR prior to the initiation of diabetes treatment and early in the course of diabetes; therefore, CKD in this cohort was most often from other causes. For example, approximately 77% of the cohort had hypertension, a major risk factor for CKD. Lastly, the study population consisted mostly of older male Veterans, so the results may not generalize to women or younger populations.
In conclusion, our study suggests that initiation of treatment for type 2 diabetes with metformin versus a sulfonylurea in individuals with CKD is associated with substantially lower mortality, in terms of both relative and absolute risk reductions. The lower mortality associated with metformin was observed even among individuals with moderately-severely reduced eGFR (30-44 mL/min/1.73m
2 ), a population in which evidence regarding the health benefits of metformin is limited. These findings, together with results from previous studies, support the FDA's guidance to consider metformin initiation among individuals with an eGFR of 45-59 mL/min/ 1.73m 2 , and suggests that metformin initiation may be beneficial among persons with even more severe CKD. Given the number of glucose-lowering drugs available, further comparative effectiveness research is needed to guide prescribing practices, especially for high-risk patient populations. *Intention-to-treat analysis did not censor subjects based on discontinuation of the initial monotherapy treatment or the addition of a second therapy † Complete-case analyses excluded subjects with missing data on HDL cholesterol, LDL cholesterol, or hemoglobin A1c ‡ Includes only monotherapy users who received a refill within the time frame compatible with 80% adherence, as described in the text. Adjusted for the baseline covariates listed in Table 1 , as well as Veterans Integrated Service Network (VISN). For those missing HDL, LDL, or A1c values, multiple imputation (n = 50) was conducted Abbreviations: BMI, body mass index; CHF, congestive heart failure; CKD, chronic kidney disease; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate *Adjusted for the baseline covariates listed in Table 1 
